Abstract-The interfaces between musculoskeletal tissues with contrasting moduli are morphologically and biochemically adapted to allow the transmission of force with minimal injury. Current methods of tissue engineering ligaments and tendons do not include the interface and this may limit the future clinical success of engineered musculoskeletal tissues. This study aimed to use solid brushite cement anchors to engineer intact ligaments from bone-to-bone, creating a functional musculoskeletal interface in vitro. We show here that modifying anchor shape and cement composition can alter both the longevity and the strength of an in vitro model of the bone-ligament interface: with values reaching 23 days and 21.6 kPa, respectively. These results validate the use of brushite bone cement to engineer the bone-ligament interface in vitro and raise the potential for future use in ligament replacement surgery.
INTRODUCTION
In vivo, complex interfaces have evolved at the junctions between tissues of the musculoskeletal system with contrasting moduli. These interfaces use increased surface area, and differing protein and mineral compositions to permit the smooth transmission of force between compliant and stiff tissues and thereby minimize stress and strain concentrations. 2 In this manner, musculoskeletal transitions have evolved unique biochemistry and morphology to lower impedance mismatch and decrease injury.
Despite significant interest in developing tissueengineered tendon and ligament grafts for regenerative medicine, there has been a distinct lack of research devoted to the problem of graft fixation. The majority of failures seen in autografts and allografts, 50% of which are harvested from hamstring tendons, occur at the site of implant fixation since the native tissue interface is no longer intact. During anterior cruciate ligament (ACL) reconstruction, this problem can be avoided and healing accelerated by using complete bone-to-bone autografts. 33 The bone-patellar tendonbone grafting technique involves excising the middle third of the patient's patellar tendon with portions of femoral and tibial bone. 3, 6, 8 The complete boneto-bone graft is then inserted into a bone tunnel and fixed in place with interference screws to recreate the ACL. 6, 8, 9, 18 The retention of the complex interfacial region and the accelerated integration experienced with bone-bone healing compared to bone-tendon healing is thought to underlie the success of this technique in the treatment of ACL ruptures. However, this technique also has disadvantages such as donor site morbidity, 20, 21, 26 anterior knee pain, 20 and muscle weakness 9 and with over 100,000 ACL ruptures a year in the US, 32 the need for novel tissue-engineered options is high. In order to meet this demand, complete bone-ligament-bone grafts that include the musculoskeletal interface are needed.
We have previously shown that a short-term bone-ligament interface could be created using hydroxyapatite (HA) embedded in a polyethylene glycol hydrogel. 28 Since the amount of HA was directly related to interface longevity, this suggested that further increasing the proportion calcium phosphate would result in the formation of a long-term musculoskeletal interface.
Brushite (CaHPO 4 AE2H 2 O) cements are formed from the combination of an appropriate calcium phosphate salt, most often b-tricalcium phosphate (b-TCP; Ca 3 (PO 4 ) 2 ) with an acidic source of orthophosphate ions (H 3 PO 4 ). The cements typically harden to form a matrix consisting largely of brushite, with some unreacted b-TCP. They have previously been used as a bone replacement material to fill large bone defects and repair fractures. [15] [16] [17] They are osteoconductive and are several orders of magnitude more soluble than HA cements. As a result, brushite cements are almost or completely resorbed in vivo and in vitro. 15, 36 The aim of this study was to assess the use of brushite cement in the formation of a long-term musculoskeletal interface with fibrin-based tissue-engineered sinews. Several material and morphological adaptations have been used to investigate the factors dictating interface formation, longevity, and strength. Interface longevity has been assessed by observing the period of adherence of a solid block of brushite cement (anchor) to a fibrin-based sinew. The effect of various cement compositions on interface longevity was initially studied to determine which chemical attributes were important for interface longevity. The effect of brushite cement anchor shape on interface longevity was then assessed to determine whether the interface was dependent on mechanical factors such as surface area. Lastly, interface strength was measured using a custom built tensile tester to determine the effect of different anchor shapes and cement compositions on the strength of the engineered interface over time.
METHODS

b-Tricalcium Phosphate Manufacture
b-TCP; Ca 3 (PO 4 ) 2 was manufactured by reactive sintering of a powder containing CaHPO 4 (MallinckdrodtBaker, Germany) and CaCO 3 (Merck, Germany) with a theoretical calcium to phosphate molar ratio of 1.5. The powder mixture was suspended in absolute ethanol and mixed for 12 h. The suspension was then filtered and the resulting cake heated in an alumina crucible to 1400°C for 12 h and 1000°C for 6 h prior to quenching in a desiccator in ambient conditions. The resulting sinter cake was then crushed using a pestle and mortar and was passed through a 125-lm sieve.
Brushite Cement Formation
The brushite cement was made by incrementally combining b-TCP; Ca 3 (PO 4 ) 2 with orthophosphoric acid (OA) (H 3 PO 4 ; Sigma-Aldrich, Gillingham, UK). The physicochemical properties of the cement were modified by varying the powder-to-liquid ratio (P:L; 1-4.5 g/mL) and the molarity of the OA (2-3.5 M).
Cement Anchor Casting Mold Design and Manufacture
Individual anchors were designed using Solidworks software, and casting frames containing 15-20 anchors were produced using a Thermojet Solid Object Printer (3D SYSTEMS, Valencia, USA). The Solid Object Printer produced casting frames of a wax-like hardened thermoplastic material (combination of hydrocarbons, urethanes amides, and esters; Fig. 1a ). The thermoplastic frames were then filled with silicone glue (Dow Corning 734, Belgium) and allowed to set for at least 72 h (Fig. 1b) . Once set, the silicone mold was removed from the thermoplastic frame and used to produce individual anchors (Figs. 1c and 1d ).
Individual Anchor Formation
Minutien insect pins (Fine Science Tools, UK) were inserted into each silicone anchor mold before a newly mixed brushite cement paste was placed into the mold (Fig. 1c) . The paste-filled molds were spun at 3700 rpm for 15 s inside a sealed plastic box on a swinging bucket rotor (A-2-DWP, Eppendorf 5804) to improve mold filling. All anchors were then left at room temperature overnight and individual anchors were removed from the mold the following day (Fig. 1d ) and stored at room temperature until used.
To enhance the acuity of the casting process, several alterations were made to the cement/acid components. These included reducing the P:L and the molarity of OA, as well as the addition of 50 mM citric acid, a known cement setting retardant, 4, 5, 30 and cement liquefier 13 to the OA prior to combination with b-TCP. The effects of modifying the cement composition were assessed by studying their attachment longevity using rectangular-shaped anchors (see Tissue attachment in Methods section).
Cement Characterization Compositional Characterization
To determine the crystalline composition of the brushite cement, the cement was powdered and mounted between two pieces of a magic tape in an X-ray diffractometer (D5005, Siemens, Germany). X-ray powder diffraction data were collected from 2h = 10-70°with a step size of 0.02°and a normalized count time of 1 s/step using Cu Ka 1 radiation. Diffraction patterns were compared with those from the JCPDS database. Since the major components of the set cement and the reactants of the brushite cement were confirmed as brushite (q = 2.32 g/cm 3 ) and b-TCP (q = 3.09 g/cm 3 ) with contrasting densities (see Fig. 2 ), it was possible to determine the degree of conversion of the b-TCP to brushite by measuring the true density of the powdered set cement.
Density Measurements
True density (q t ) was determined using a helium pycnometer (Accupyc II 1340, Micromeritics, Georgia, USA) with ten measurements, following ten purges with helium (Air products, Birmingham, UK). Four samples were measured and the resulting values were the mean of 40 measurements. Apparent density (q a ) measurements were obtained using geometrical measurements and used to calculate relative porosity of the samples (Table 1) . 
Mechanical Properties
Cylindrical cement samples (n = 6) of 12 mm height and 6 mm diameter were tested in compression using a Zwick/Roell Z030 (Leominster, UK). Samples were tested in axial compression at a crosshead speed of 1 mm/min using a 30-kN load cell. Maximum compressive strength (MPa) was calculated from the maximum force at failure, divided by cross-sectional area.
Ligament Formation
35-mm Petri dishes were coated with 1.5 mL of Sylgard (type 184 silicone elastomer, Dow Corning Corporation, Midland, MI, USA) and left to polymerize for at least a week prior to use. Cement anchors were pinned to the sylgard layer approximately 12 mm apart and the anchors and plate were sterilized by soaking in 70% ethanol for 20 min. 500 lL of F12 Hams media (Invitrogen, Paisley, UK) supplemented with 20% fetal bovine serum, 1% ABAM (Antibiotic/ antimycotic, Invitrogen, UK), 50 U/mL thrombin (Calbiochem), 400 lM aminohexanoic acid (SigmaAldrich, UK), and 20 lg/mL aprotinin (Roche, UK) solution was used to coat the sylgard layer. 200 lL of 20 mg/mL fibrinogen (Sigma-Aldrich, UK) was then added dropwise and the fibrin gel was left to polymerize at 37°C for 1 h. Primary tendon fibroblasts were isolated from the Achilles tendon of five rats by an overnight digestion in 0.1% type II collagenase dissolved in supplemented F12 Hams media at 37°C. Fibroblasts were cultured and split routinely and used between passage 2 and 5. For the sinews, cells were seeded on top of the polymerized fibrin gel at a concentration of 100 K/mL. Growth media was replenished on day 3 following seeding, and then every second day for the duration of the experiments. Over time, the fibrin gel contracts around the two brushite cement anchors (Figs. 3a-3c) to form a cement-fibrincement (bone-ligament-bone) construct.
Cement Anchor/Fibrin Interface Interface Longevity
The attachment of the cement anchor to the soft tissue was assessed by manually removing one anchor from the plate, every 3 days, and observing whether the soft tissue remained attached (Fig. 3d) . Attachment was scored on a binary scale as attached/not attached. The effect of cement composition on interface longevity was studied using prism-shaped anchors with differing molarities of OA (Fig. 4a) , increasing P:Ls (Fig. 4b ) and the addition of citric acid to OA prior to combination with the b-TCP (Fig. 4c) for n = 5 per group. To assess the effect of anchor shape and surface area on interface longevity, ten anchor shapes were designed and manufactured (Figs. 5a-5j) and their interface longevity was monitored as described (n = 10). Shapes E-J were based on a prism shape that allowed the constructs to be easily gripped for mechanical testing.
Interface Strength
Individual constructs (cement-fibrin-cement) were mechanically loaded to determine the strength of the soft-hard tissue interface. Mechanical tests were conducted using a custom built mechanical tester, adapted from a design described in Larkin et al. 24 (Figs. 6A and 6B). Grips to enable mechanical testing were manufactured as the inverse of the cement anchor shape using rapid prototyping technology (Spectrum Z510, Z Corp., Boston, USA). The mechanical tester was designed to allow the specimen to be immersed in saline solution throughout the testing procedure (Fig. 6Bi) . To test the mechanical interface, the cement anchors were inverted and inserted into the grips (Fig. 6Bi) . Care was taken to assure that the soft tissue was not in contact with any part of the grips, so that the recorded values represented interfacial stress and not the mechanical properties of the soft tissue portion. One grip was attached to a custom built force transducer, 11 while the other was attached to a stepper motor (Fig. 6A) . Immediately prior to the test, specimen dimensions were determined using a digital calliper. Using LabVIEW (National Instruments, Austin, TX), the sample was loaded at a constant rate of elongation of 0.4 mm/s and the resulting force was measured. Ultimate stress at the interface was calculated using the surface area available for attachment for each anchor shape for E, G, and H (n = 10) and F, and I (n = 8).
Interface stress was also assessed using cement anchors formed at a variety of P:Ls (Fig. 7a ) of 1 (n = 9), 3 (n = 5), 4 (n = 12), and 4.5 g/mL (n = 12). As a follow-up, the high and low P:L samples were studied over time (Fig. 7b) . For these experiments, samples with a P:L ratio of 1 and 4 g/mL were studied at 1 week (1 g/mL-n = 9; 4 g/mL-n = 12), and 4 weeks (1 g/mL-n = 9; 4 g/mL-n = 7).
Statistical Analysis
Data are presented as means ± SEM unless stated otherwise. Differences in mean values were compared within groups and significant differences were determined by ANOVA with post hoc Tukey-Kramer HSD test using www.Brightstat.com. The significance level was set at p < 0.05.
RESULTS
Varying Cement Anchor Composition
Various modifications were made to increase the setting time of the cement paste in order to provide better replication of the silicone anchor molds. Such measures included altering the concentration of OA, changing the P:L (b-TCP:OA), and adding 50 mM citric acid to the OA prior to mixing with b-TCP.
Reducing (Fig. 4a) . This decrease was not observed through further reductions in OA molarity. The decrease in attachment was associated with less conversion of b-TCP to brushite and decreased compressive strength, with the 3.5 M OA group showing significantly higher brushite composition and compressive strength than all other groups (Table 1) .
Altering the P:L of cement anchors does not significantly alter interface longevity (Fig. 4b) . However, a trend is seen toward an increase in attachment time with decreasing P:L. Incorporating citric acid into OA prior to combination with b-TCP increased working time and reduced cement paste viscosity, but did not affect the longevity of the cement/fibrin interface (Fig. 4c ).
Modifying Anchor Shape
Ten different anchor shapes were designed to establish whether anchor shape or anchor surface area was a key factor in determining cement anchor/fibrin interface longevity (Figs. 5a-5j) . A mean attachment time of 15 ± 5 days was calculated across all groups; however, it is clear that shapes C, E, F, and H perform well above this mean value. Notably, there was a significant effect of introducing a single groove into a solid block anchor, as is demonstrated by comparing shapes E to F and shape G to H (Fig. 5k) . Furthermore, introducing complex shapes and angles into the anchor design has a detrimental effect on interface longevity (shape I, Fig. 5 ). To establish whether there was a significant effect of surface area on interface longevity, three separate values for the surface area of the anchors were calculated for each shape. Neither the surface area of the whole anchor, the surface area without the top anchor surface (never in contact with the tissue portion), nor the interface area in contact with the tissue portion showed a correlation with tissue attachment time ( Table 2 ).
Functional Analysis of the Cement Anchor/Fibrin Interface
The strength of the cement anchor/fibrin interface was tested 7 days after plating using the best attaching (shapes F and H) and their corresponding lower surface area shapes (shapes E and G) as well as the poorest attaching shape (shape I). Mean values for maximum load and extension at failure are presented in Table 3 .
Unlike the data collected for attachment time, anchor shape E performed the best under load, reaching values of 59 ± 30 mN, although this only reaches statistical significance when compared to anchor shape I (p = 0.013; Table 3 ). Similarly, anchor shape H displayed significantly higher values for maximum load when compared to anchor I (p = 0.019; Table 3 ). Extension distances at failure remained similar between all anchor shapes, with no significant difference observed between anchor shapes (p > 0.05 in all cases; Table 3 ). To evaluate the effect of anchor shape and/or surface area on interface strength, the stress at the anchor/tissue interface was calculated for each anchor shape, based on surface area available for attachment. Similar to the data for maximum load, anchor shape E performed the best under mechanical stress, withstanding stresses of 9.5 ± 1.6 kPa before interface failure (Fig. 6C) , which proved significantly higher than all other anchor shapes (p < 0.001). The ultimate stress for the corresponding high surface area anchor (shape F) was 3.3 ± 0.7 kPa, less than half of the corresponding low surface area anchor (shape E; Fig. 6C ). A similar trend existed when comparing shapes G and H, with stresses of 6.3 ± 0.6 and 4.1 ± 0.7 kPa, respectively (Fig. 6C) . Under all conditions, shape I was the worst performing anchor in terms of interface longevity and strength, withstanding stresses of 2.6 ± 0.4 kPa (Fig. 6C) . Maximum strain at failure values for all anchors do not differ significantly between shapes, except for a significant difference between anchor shapes H and I (p = 0.002) (Fig. 6D) .
Strength of the cement/fibrin interface was assessed using several different P:L to determine the effect of P:L on the ability of the interface to withstand stress. At 7 days after plating, increasing the P:L had no effect on the strength of the interface, with a mean value of 7.8 ± 0.4 kPa observed across all groups (Fig. 7a) . 4 weeks after plating, the strength of the interface was significantly higher at both high and low P:L when compared with the 1 week values, with ultimate stresses at the interface reaching 17.6 ± 0.9 kPa (p < 0.001) and 21.6 ± 1.6 kPa (p < 0.001; Fig. 7b ). Furthermore, a positive effect of the higher P:L is seen at the 4-week time point where the ultimate tensile stress of 4 g/mL cement anchor interface was significantly higher (p = 0.034) when compared to 1 g/mL (Fig. 7b) .
DISCUSSION
The aim of this study was to determine the factors that control the strength and longevity of the interface between brushite cement and a fibrin-based sinew. Several material and morphological adaptations were identified that regulated longevity and strength of the in vitro cement-ligament interface, including varying the composition, shape, and surface area of the brushite cement anchors.
Spalazzi et al. 31, 32 have described the fabrication of an in vitro scaffold to mimic an in vivo interface. Their triphasic scaffold physically mimics the fibrocartilaginous transition seen at the native insertion site. Although this work has produced an elegant fibrocartilaginous transition, 31 neither the tensile properties of the scaffold nor the attachment potential with hard or soft tissues have been reported. Therefore, the biological potential of the scaffold, i.e., whether the scaffold provides a mechanically sound attachment between compliant and stiff tissues remains to be determined. Phillps et al. 29 have successfully reported the manufacture of a continuous bone-soft tissue interface using fibroblasts seeded onto a polymeric scaffold containing a gradient of runt-related transcription factor 2 (Runx2). Although graded mineral deposition and mechanics along the length of the construct were achieved using this technique, a fibrocartilaginous interface region was not formed, and therefore this model does not fully replicate the native bone-ligament insertion.
This study demonstrates that a functional cementsinew interface can be engineered in vitro and that the longevity of this interface is dependant upon the conversion of b-TCP to brushite (Fig. 4a and Table 1 ) and the surface area more than stress/strain concentrations (Fig. 5k) . The strength of the interface is dependant upon time in culture or collagen content (Fig. 7b) and stress/strain concentrations more than surface area. The maximum interface strength reported here Results are presented as mean 6 SEM of n 5 9 (1 g/mL; 1 week), 12 (4 g/mL; 1 week), 9 (1 g/mL; 4 weeks), and 7 (4 g/mL; 4 weeks). Asterisk indicates significantly higher than at 1 week, whereas plus symbol indicates significantly higher than 1 g/mL (p < 0.05). (21.6 ± 1.6 kPa) is four orders of magnitude less than an adult tendon and three orders of magnitude less than neonatal tendon. 7 However, we have achieved this interface in the absence of growth factors, high concentrations of ascorbic acid, and mechanical loading, all of which are know to increase collagen production and stiffness. 1, 23 Therefore, inclusion of these factors should improve the interface strength further.
There are numerous advantages to using a calcium phosphate cement to form a musculoskeletal interface. First, calcium phosphate cements are osteoconductive 12 ; second, they are fast and easy to make with short setting times 15, 17 ; third they exhibit relatively high compressive strengths and are able to withstand loading immediately 10 ; fourth they have similar chemical composition to that of endogenous bone 12 ; fifth, they are known to increase the strength of attachment with biological tissues 22, 34 ; and sixth, certain calcium phosphate cements can be biologically resorbed over time. 15, 17 Since brushite cements are made via a simple powder (b-TCP) and liquid (OA) mixing reaction and are several orders of magnitude more resorbable than HA, they are an ideal calcium phosphate for engineering a bone anchor for an engineered sinew. Here, we described a simple reverse mold casting process to produce identical anchors of varying shapes and surface areas with a high degree of accuracy (Figs. 1 and  5 ). However, complex detailing with this method is difficult due to the resolution of the rapid prototyping machine used to print the thermoplastic molds, and the viscosity of the glue used to make the silicone mold. Although restricted by the manufacturing processes, ten different shapes were designed and utilized to determine the effect of shape and surface area on cement anchor attachment (Fig. 5) . Even though no correlation was observed between the surface area of the cement anchors and the duration of tissue attachment, the addition of a single groove into solid cement anchor blocks led to an increase in attachment time (compare shapes E to F and shapes G to H, Fig. 5 ). Unlike the longevity tests, strength tests showed that anchor E could withstand much higher stresses than its corresponding high surface area shape, anchor F, and a similar pattern was observed between anchors G and H (Fig. 6 ). These data suggest that interface duration and strength are determined by the interplay between the positive effects of surface area and the negative effects of stress/strain concentrations and that the ideal anchor will have a high surface area and minimal areas of stress/strain concentrations. Even though it is not possible to generate high surface area/minimal stress/strain anchors using reverse molding, brushite can be engineered with these properties using laser sintering 35 or 3D powdered printing.
14 Specifically, Gbureck et al. 14 showed that 3D powder printing could be used to engineer custom ceramic blocks of any shape. Combining their technique with the current work may result in high surface area, minimal stress/strain concentration cement anchors designed specifically to fit ligament fixation sites if these bone-to-bone-ligaments were to reach the clinic.
The attachment points of musculoskeletal tissues in vivo are graded structures, unlike the abrupt transition engineered here. However, although the osteoligamentous junction is a graded structure, there is a sharp transition in mineral content between the non-mineralized and mineralized fibrocartilage regions. 27 This finding is encouraging for the paradigm described here for engineering a ligament, as the use of a solid block of brushite cement may not be as anatomically inappropriate as perhaps first perceived. The greatest challenge to continued development of this system is to modify the attachment point of the tissue to promote the formation of a fibrocartilaginous region, replicating the natural bone-ligament interface. To facilitate this, brushite cements can be manufactured to allow for the controlled release of growth factors from the cement matrix 19, 25 that may help to promote fibrocartilage formation.
Reducing the molarity of OA reduced cement paste viscosity; however, the highest molarity (3.5 M OA) showed a significantly longer attachment time when compared with all other molarities used (Fig. 4) . This increase in attachment time is likely due to the higher degree of conversion of b-TCP to brushite within the cement matrix, and a significantly higher compressive strength at this molarity (Table 1) . To further investigate the role of brushite content as the source of interface strength, it was hypothesized that increasing P:L of the cement anchors would lead to a stronger interface over time. Increasing the culture period increased the ultimate tensile stress of both groups (compared to their corresponding P:L at 1 week; Fig. 7b) , likely due to an increase in collagen at the interface. We have previously noted an increase in collagen content of the sinews over time, from 1.45 ± 0.32% at 2 weeks of formation to 2.92 ± 0.18% at 4 weeks of formation (Paxton et al., submitted). As well as the positive effect of time, the ultimate tensile stress of the 4 g/mL cement anchor interface exceeded that of the 1 g/mL interface (Fig. 7b) . From these data, it is clear that increasing brushite, or slowing its loss, increases the strength of the interface. However, interface failure cannot solely be attributed to brushite dissolution.
The results presented here demonstrate that brushite cement is a suitable material for engineering the boneligament interface in vitro. Brushite cement anchors adhere to our ligament constructs for 2-3 weeks when repeatedly tested and can remain attached for in excess of 3 months if the interface is left undisturbed in culture (Paxton et al., submitted). The maximum stress recorded before failure of the interface occurred after 4 weeks in culture was 21.6 kPa which is still lower than would be required if this graft was to be implanted. However, an encouraging finding is that both the length of attachment and the strength of this attachment can be enhanced by altering the physiochemical properties of the cement anchors themselves. Varying the P:L, anchor shape and surface area had significant effects on attachment time and interface strength but the modifications reported here are by no means exhaustive and it is thought that further modifications of the properties, shape, and degradation characteristics of the cement anchors could lead to improved interface longevity and strength. Such advances could project the relevance of this study toward the clinic as a potential method of engineering complete bone-to-bone-ligament grafts for implantation. 
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